System aspects of an anti-intruder multistatic radar based on impulse radio ultrawideband (UWB) technology are addressed. The investigated system is composed of one transmitting node and at least three receiving nodes, positioned in the surveillance area with the aim of detecting and locating a human intruder (target) that moves inside the area. Such systems, referred to also as UWB radar sensor networks, must satisfy severe power constraints worldwide imposed by, for example, the Federal Communications Commission (FCC) and by the European Commission (EC) power spectral density masks. A single transmitter-receiver pair (bistatic radar) is considered at first. Given the available transmitted power and the capability of the receiving node to resolve the UWB pulses in the time domain, the surveillance area regions where the target is detectable, and those where it is not, are obtained. Moreover, the range estimation error for the transmitter-receiver pair is discussed. By employing this analysis, a multistatic system is then considered, composed of one transmitter and three or four cooperating receivers. For this multistatic system, the impact of the nodes location on area coverage, necessary transmitted power and localization uncertainty is studied, assuming a circular surveillance area. It is highlighted how area coverage and transmitted power, on one side, and localization uncertainty, on the other side, require opposite criteria of nodes placement. Consequently, the need for a system compromising between these factors is shown. Finally, a simple and effective criterion for placing the transmitter and the receivers is drawn.
INTRODUCTION
Localization capability is becoming one of the most attractive features of modern wireless network systems. Besides the localization of "friendly" collaborative objects (tags), an application that is gaining an increasing attention is the passive geolocation, that is, the possibility of detecting and tracking "enemy" noncollaborative objects (targets, typically human beings) within a given area. This application is attractive especially to monitoring critical environments such as power plants, reservoirs or any other critical infrastructure that is vulnerable to attacks. In fact, the protection of these structures requires area monitoring to detect unauthorized human intruders, which is in general difficult and expensive: in this context, a wireless infrastructure composed of cooperative nodes could represent a cheap solution thanks to the advent of high-performance, low-cost signal processing techniques and high-speed networking [1] .
Wireless networks for intruder detection and tracking share several common features with those systems known as multistatic radars [2] . According to the radar jargon, a radar in which the transmitter and the receiver are colocated is known as a monostatic radar. The expression bistatic radar is used for radar systems which comprise a transmitter and a receiver separated by a distance that is comparable to the target distance [3] [4] [5] . In general, bistatic radars are less sensitive than monostatic ones to the near-far target problem, avoid coupling problems between the transmitter and receiver, can detect stealth targets, and are characterized by potentially simple and passive (hence undetectable) receivers. On the other hand, their geometry is more complicated [5] , and they require a proper synchronization between the transmitter and the receiver. The expression multistatic radar refers to a radar system with multiple transmitters and/or receivers (e.g., multiple transmitters and one receiver or one transmitter and multiple receivers).
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Using multistatic constellations, it is possible to increase the radar sensitivity, to enhance the target classification and recognition, and to decrease the detection losses caused by fading, target scattering directivity and clutter. However, multistatic radars are affected by critical synchronization issues, and require that the transmitters and the receivers share the information (through a network) to cooperatively locate and track the target [6] .
A promising wireless technique for anti-intruder cooperative wireless networks is the ultrawideband (UWB) technology. (It will be noticed that UWB signals have been proposed and exploited also for classical monostatic radar systems [7] [8] [9] [10] .) In USA, a signal is classified as UWB by the Federal Communications Commission (FCC) if it has either a bandwidth larger than 500 MHz or a fractional bandwidth greater than 0.2 [11] ; in Europe, it is classified as UWB if its bandwidth is larger than 50 MHz [12] . In anti-intruder cooperative networks, the impulse-radio version of UWB is used, characterized by the transmission of (sub-)nanosecond duration pulses. Usually, the UWB pulses are at a relatively low frequency, between 100 MHz and a few GigaHertz. As a result, the UWB technology can enable to penetrate, through the low-frequency signal spectral components, many common materials (like walls and foliage [13] ) while offering an extraordinary resolution and localization precision, due to the large bandwidth. As explained in Section 2, the fundamental block of the target location process in a cooperative wireless network exploiting the impulse radio UWB technology is represented by a ranging process, performed by each receiving node, based on the UWB pulses time of arrival (TOA) estimation [14] [15] [16] [17] [18] . The advantages of UWB include, but are not limited to, low-power consumption (battery life), extremely accurate (centimetric) ranging and positioning also in indoor environments, robustness to multipath, low probability to be intercepted (security), large number of devices operating and coexisting in small areas, robustness to narrowband jamming [19] .
As from the above discussion, we see that the study of cooperative anti-intruder wireless networks employing impulse radio UWB involves aspects and problems peculiar of different systems, such as multistatic radar systems, wireless sensor networks, and UWB communication systems. Indeed, this is the main reason for, so far, such antiintruder systems has been presented in the literature under different names like, for example, wireless sensor networks [20] , tactical wireless sensor networks [21] , multistatic UWB radars [22] , and radar sensor networks [23] . Besides area monitoring for human intruder detection, wireless networks based on impulse radio UWB are gaining an increasing interest for a wide spectrum of related applications, like rescue in disaster scenarios [24, 25] (e.g., to quickly localize people trapped in collapsed buildings, or in presence of dense smoke), landmine detection [26] , or military applications [21] .
In the following section, a cooperative anti-intruder wireless network exploiting the impulse radio UWB will be referred to as an anti-intruder multistatic UWB radar or as a UWB radar sensor network. At this regard, however, it is worthwhile to pointing out an important different feature between the "traditional" bistatic/multistatic radar (even using UWB signals) and the anti-intruder wireless networks based on impulse radio UWB subject of this work. This difference concerns antennas directivity and the role of the direct radio path between the transmitter and the receiver. In traditional radar systems, the target location process relies on the scattered echo and on the antenna directivity. The direct signal breakthrough between the transmitter and the receiver is harmful to these systems representing a critical issue. On the contrary, the anti-intruder system investigated in the present work employ omnidirectional antennas: as explained in Section 2, the target location process relies on both the pulses scattered by the target (echoes) and the direct path pulses.
Most of the recent literature on anti-intruder multistatic UWB radars covers either electromagnetic or algorithmic aspects. In the first case, the problem of evaluating the human target radar cross section (RCS) is discussed [27] [28] [29] . In the second case, algorithms for target detection and tracking, clutter removal, and extraction of target parameters for classification are proposed [30] [31] [32] [33] .
Despite this amount of work and the related achievements, there still is a certain knowledge gap with respect to the comprehension of the main system aspects. From this point of view, a critical issue is represented by the necessary compromise between area coverage, required transmitted power, and localization precision as a function of the system geometry and of the nodes position, whose study is particularly of interest for battery-driven nodes and UWB equipments that must satisfy severe power spectral density level restrictions which strongly limit the transmitted power to a few hundreds of microwatts [11, 12] . A second issue, that can be regarded as a subproblem of the previous one, is related to the development of nodes placement criteria, [34] , capable of guaranteeing a satisfactory compromise between the above mentioned factors.
This paper investigates an anti-intrusion multistatic UWB radar, with one transmitting (TX) node and multiple receiving (RX) nodes, from such system perspective. The transmitter and the receivers are assumed positioned on the border and/or within the surveillance area with the aim of detecting and locating an intruder that moves inside the area. The scenario and the anti-intruder system are studied in two dimensions with the goal of investigating the impact of the system geometry and nodes position on the coverage percentage, required transmitted power, and localization precision. Numerical results are obtained for a UWB impulse radio system in order to evaluate the location capability offered by this technology in the specific scenario and application considered, which at the authors' knowledge is not present in literature. Based on these numerical results, a simple criterion for nodes location in a circular surveillance area is drawn. In this work, we consider a scenario where only a static clutter is present. A static clutter can be perfectly suppressed, for instance, using the frame-to-frame or the empty-room algorithms described in Section 2: in these conditions, after the clutter removing algorithm, the communication channel becomes equivalent to a additive Enrico Paolini et al. white Gaussian noise (AWGN) channel. A nontrivial result obtained in Section 5 is that, even under the hypothesis of a perfect clutter suppression, a system configuration does not exist capable of jointly optimizing the area coverage, the power to be transmitted, and the localization uncertainty. This means that, even under ideal removal clutter conditions, a compromise between these factors must be found.
The paper is organized as follows. A brief system overview is provided in Section 2. Since the basic mechanisms regulating the dependence of area coverage, required transmitted power, and localization uncertainty on the system geometry rely on the single TX-RX pair composing the multistatic system, Section 3 focuses at first on such subsystem (Sections 3.1, 3.2, and 3.3), addressing coverage, power, and ranging uncertainty issues from its perspective. Section 3 then moves to consider the whole system, discussing the required transmitted power and the maximum pulse repetition frequency (PRF) in Section 3.4, and defining the localization uncertainty metric in Section 3.5. This analysis is applied to a multistatic UWB radar system with one TX node and N RX nodes, protecting a circular surveillance area and characterized by a specific nodes location parameterization, in Section 4. For this system, the dependence on the nodes location of area coverage, required transmitted power, and localization uncertainty is investigated in Section 5 for the three and four RX nodes. This analysis leads to the conclusion that the nodes placement criterion must tradeoff the above mentioned factors. A discussion on the obtained results and the main conclusions of our study are given in Section 6.
SYSTEM OVERVIEW
The anti-intruder multistatic UWB radar system has the aim of detecting and locating a moving target within a given surveillance area A. It is composed of one TX node and N RX nodes (with N ≥ 3), where each TX-RX pair can be regarded as a bistatic radar. The transmitter and the multiple receivers could, for example, be placed on the perimeter of the area, as depicted in Figure 1 for circular A.
The target detection and location process comprises a number of subsequent steps, which can be summarized as clutter removal, ranging, detection, imaging, and tracking. The clutter removal and the ranging operations are performed independently by each RX node, while detection, imaging, and tracking are performed by a central node (sometimes referred to as fusion center, not depicted in Figure 1 ) each RX node is connected with, collecting information by each bistatic radar. It will be noticed that, in the considered system, a hard information is provided by each RX node to the fusion center, namely, indication about target presence or absence and range estimation: the final decision about target presence (alarm) lies within the competence of the fusion center, for example, according to a majority logic. Another possible approach, characterized by a higher complexity both at the RX nodes and at the fusion center, consists in collecting at the fusion center a soft information from each RX node. In this case, the surveillance area is divided into small parts (pixels): for each pixel the generic RX node communicates to the fusion center a soft information outcoming from the correlation between the received signal (as obtained after the clutter removal operation) and the transmitted pulse. This approach is not considered in this paper.
There are several possible algorithms for clutter removal. Simple but effective ones, sketched next, are known as frameto-frame and empty room techniques (see, e.g., [35] ). The TX node emits sequences of N s pulses (each pulse having a time duration on the order of the nanosecond): each of these sequences is known as a frame. The system is designed in such a way that the channel response to a single pulse in presence of a moving target does not change appreciably during a frame time, but is different for pulses belonging to subsequent frames. Each emitted pulse of a frame determines the reception by the generic RX node of the direct path pulse followed by pulse replicas due to both the clutter and the target (if present). The estimation, for each of the N s emitted pulses, of the direct path pulse TOA allows the RX node to perform a coherent average operation of the N s channel responses, thus reducing by a factor N s (process gain) the noise power. (It is important to highlight that due to the possibility to accurately estimate the TOA of the first received pulse offered by the impulse radio UWB technology, the RX node does not need any extra synchronization signal for performing the coherent summation of the N s channel responses, since it extracts the synchronization from the direct signal pulses.)
The frame-to-frame technique consists in performing the above-described coherent average operation over two subsequent frames, and then in taking the sample-by-sample difference between the two obtained signals. Analogously, the empty-room technique consists in performing the abovedescribed operation over one frame, and then in subtracting from the obtained signal the channel response to the single pulse, averaged over N s pulses, previously obtained in absence of target ("empty room"). In both cases, this operation allows removing the contribution of a static clutter, so that the overall final signal is only due to the thermal noise (with power reduced by a factor N s ) and to the target, if present. In the case of a nonstatic clutter, which is not considered in the present paper, a contribution due to clutter residue will be present too. The decision about the target presence or absence (local detection at the RX node) is taken using a threshold-based technique. The estimation of the target-scattered pulse (echo) delay with respect to the first path pulse TOA allows the RX node to estimate transmitter-target-receiver range. As pointed out in Section 3.3, an uncertainty in the range estimation is associated with possible TOA estimation errors. Clutter removal techniques more sophisticated than the frame-toframe one can be adopted, like, for example, the MTD filtering [35] over several subsequent frames.
The hard information received by the central unit from each bistatic radar consists of an indication about the target presence or absence and of a transmitter-targetreceiver range estimation. The central unit then performs target detection, eventually aided by the previously obtained tracking information, and target location based on standard trilateration. The target location aims at forming an image of the monitored area with the target position estimated and its trajectory [22] . The position estimation accuracy and false alarm rejection capability can be further improved by means of tracking algorithms [33] .
In order to simplify the analysis, it is assumed that only one intruder is present. It is important to explicitly remark, however, that the above described system is capable of detecting and tracking multiple targets. At this regard, two important observations are pointed out next.
First, the possible presence of multiple targets has impact neither on the way to operate of the generic bistatic radar, nor on its complexity. For example, if two moving targets are present within the area, at the end of the frame-toframe clutter suppression the obtained signal will exhibit two different echoes, each one associated with a specific target: as far as such echoes are resolvable in the delay domain and are both above the detection threshold, the targets are both detected and the corresponding ranges are estimated.
Second, the number of targets to be detected and tracked does not impose a constraint to the minimum required number of RX nodes. More specifically, as far as the generic target satisfies the conditions explained in Section 3 (the target is outside the minimum ellipse and inside the maximum Cassini oval for at least three bistatic radars), it can be detected by the system. Increasing the number of RX node provides benefits in terms of area coverage, and fusion center capability to resolve ambiguous situations where a target is nonresolvable by a bistatic radar. Concerning this issue, it should be observed that the situations where two targets cannot be resolved by a single bistatic radar can be resolved algorithmically at the fusion center (i.e., exploiting the previously obtained tracking information).
On the other hand, with respect to the single target scenario, locating, and tracking multiple targets requires a higher algorithmic complexity (for detection, imaging, and tracking) at the fusion center [23] .
Being the perspective target a human being with a velocity of a few meters per second, and being the transmitted signals UWB (with a bandwidth typically larger than 500 MHz), the anti-intruder radar under investigation is not affected by any appreciable Doppler effect. For this reason, when assessing the radar resolution using standard tools like the radar ambiguity function, only the resolution in the delay domain should be considered. The radar ambiguity function was introduced in [36] as a fundamental tool for traditional monostatic narrowband radars. This concept has been more recently extended to narrowband bistatic [37] and multistatic [38] radars, and further to wideband [39] and ultrawideband [7] radars. Highly reminiscent of matched filtering, it provides a synthetic measure of the capability of a given waveform in resolving the target in the delayDoppler domain, as well of its clutter rejection capability. The radar ambiguity function is effectively used to assess the global resolution and large error properties of the estimates. An alternative approach proposed by several authors is to use the Cramer-Rao bound (CRB) instead of the radar ambiguity function (see, e.g., [40] [41] [42] ), which represents a local measure of estimation error, affected only by the thermal noise. Indeed, this is the approach followed in this work in order to measure the ranging error estimate, and thus the thickness of the uncertainty annuluses discussed in Section 3.3.
AREA COVERAGE, TRANSMITTED POWER, AND LOCALIZATION UNCERTAINTY

Equi-TOA and equipower positions for each TX-RX pair
Let us focus on a bistatic radar composed of the generic TX-RX pair, at distance l. We indicate with l 1 and l 2 the distances of the target from the TX node and the RX node, respectively. Assuming line-of-sight (LOS) propagation, if the TX node emits a pulse, this is received at the RX node both through the direct LOS path and after reflection on the target. The receiver then estimates the TOA of the pulse reflected by the target; based on this, it can estimate the sum distance l 1 +l 2 . Thus assuming for the moment a perfect TOA estimate, the radar system knows that the target is on the locus of points whose sum of the distances from the TX node and the RX node is l 1 + l 2 , that is, on an ellipse with parameter l 1 + l 2 whose foci are the positions of TX and RX, as shown in Figure 2 . For each TX-RX pair, we have a family of ellipses, with foci in TX and RX, for all possible values of l 1 + l 2 or, equivalently, of the delay of arrival of the target reflected pulse as measured at the receiver (equi-TOA position).
Up to now, we have discussed about the information we can get from the knowledge of the TOA. The peculiar geometry of bistatic radar has also an important impact on the received power for the target reflected pulses. In fact, while in a monostatic radar the received signal power Enrico Paolini et al. is proportional to 1/d 4 , where d is the target distance, in a bistatic radar the received power scattered by the target is proportional to 1/(l 1 ·l 2 ) 2 . So, assuming all the other parameters as constant, when a target moves along an equi-TOA ellipse, the delay of the received reflected path does not change, but the received power changes. In particular, on a given equi-TOA ellipse, the lowest received power case is when the target is at the same distance from TX and RX, while more power is received for targets near the foci. From another point of view, we can look at the target positions giving the same received power at the RX node. Geometrically, these positions form the locus of points whose product of the distances from the two nodes, l 1 ·l 2 is constant. This geometric curve is known as Cassini oval, with foci in TX and RX. An example of Cassini oval is reported in Figure 3 . The Cassini ovals are curves described by points such that the product of their distances from two fixed points a distance 2a apart is a constant b 2 . The shape of the curve depends on b/a. If a < b, then the curve is a single loop with an oval or dog-bone shape. The case a = b produces a lemniscate. If a > b, then the curve consists of two loops.
In our scenario, as l 1 ·l 2 increases (corresponding to a decrease in the received power) the dimension of the ovals increases. By comparing the Cassini ovals tangent to a given ellipse (corresponding to a given TOA), we see that, as previously mentioned, targets near to the foci (TX and RX positions) give rise to a higher-received power. This is illustrated in Figure 4. 
Coverage and target detection for each TX-RX pair
In a bistatic radar with narrowband (NB) pulses, we can evaluate the received power P r , by using the Friis' formula. For the direct TX-RX path, we have
where P t is the transmitted power, G t , G r are the antenna gains at the transmitter and receiver, respectively, and λ is the wavelength. Let us assume now that the target is characterized by a radar cross section (RCS) σ, defined as [3] where P i is the incident power density at the target, and P s is the received power density due to the target scattering. The received power due to the target is then given by [3] 
All the previous expressions are for NB signals with all spectral components at (nearly) the same wavelength λ. When using UWB waveforms, this assumption is no longer true since the wavelength can vary considerably within the large band occupied by the transmitted signal. So, in order to evaluate the received power, we should integrate the Friis' formula over all wavelengths of the signal band [ f L , f U ] [43, 44] . From (1) integrated over the UWB band, we obtain the received power of the direct path for the single TX-RX pair as
where c is the light speed, S t ( f ) is the one-sided transmitted power spectral density, G t ( f ), G r ( f ) are the frequencydependent antenna gains, and B = f U − f L is the signal bandwidth. Similarly, for the target reflected echo, we have
Considering a white spectrum for the transmitted signal and constant antenna gains over [ f L , f U ], (4) becomes
and further considering constant RCS over [ f L , f U ], (5) becomes
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(The hypothesis of constant antenna gain is realistic for certain UWB antennas [45] [46] [47] . The hypotheses of frequency independent transmitted power spectral density and RCS simplify the analysis without affecting the goal of our investigation.) The extension of the area covered by the generic TX-RX pair present in the system is analyzed next. Let SNR th denote the minimum SNR (associated with the target reflected path, and evaluated after the clutter suppression algorithm) required at each RX node to obtain a given detection performance. The value of SNR th depends on several factors, such as the specific detector employed and the minimum probability of detection required. Moreover, let PRF denote the pulse repetition frequency, that is the frequency at which the UWB pulses are emitted by the TX node (the maximum pulse repetition frequency will be discussed in Section 3.4). The SNR is related to the one-sided power spectral density N 0 and to the PRF by the relationship
In fact, P target r-UWB /PRF represents the received energy per scattered pulse, and the one-sided power spectral density is reduced by the processing gain N s . Then the condition SNR ≥ SNR th leads to
where, by definition, P th = SNR th N 0 PRF/N s . Assuming a given transmitted power density S t and letting P target r-UWB = P th in (7), we obtain the maximum value of l 1 ·l 2 covered by the TX-RX pair, indicated as (
We refer to the Cassini oval with parameter (l 1 ·l 2 ) * as the maximum Cassini oval of the TX-RX pair. In a multistatic scenario, a maximum Cassini oval can be defined for each TX-RX pair. So, the first condition a target has to fulfill in order to be detectable by a TX-RX pair is that it must be inside its maximum Cassini oval.
For each TX-RX pair, we also have a condition on the minimum value of l 1 + l 2 , that is due to the possibility for the RX node to resolve the paths. In fact, the RX node receives the UWB pulses from both the direct path and the target-reflected path. If the delay between the two pulses is too small, the receiver cannot distinguish them. Let us denote with γ the minimum delay in seconds below which the receiver cannot resolve the direct path from the reflected path. So, we must have (l 1 + l 2 ) − l ≥ γc, that is,
Thus a necessary condition for target detection is that the sum of its distances from TX and RX is greater than l + γc.
The ellipse with parameter l+γc is called the minimum ellipse: a target inside the minimum ellipse is invisible to the TX-RX pair. By combining the two conditions on the minimum received power and on the minimum delay of arrival, we see that the area where the target can be detected by the generic bistatic radar is inside the maximum Cassini oval, excluding the interior of the minimum ellipse, as sketched in Figure 5. 
Effect of imperfect TOA estimate at each RX node
Let us consider a target detectable for a TX-RX pair. A perfect TOA estimation by the receiver, leading to a perfect estimate of l 1 +l 2 , allows locating the target on the ellipse with constant l 1 +l 2 and foci in TX and RX. However, an imperfect TOA estimation determines an uncertainty on l 1 + l 2 . In such conditions, the target can be located only inside an uncertainty annulus "around" the ellipse with constant l 1 + l 2 (see Figure 6 ).
In general, the annulus depicted in Figure 6 does not have a constant thickness. In fact, the estimation uncertainty depends on the SNR at the receiver, which is not constant for the points of an ellipse with foci in TX and RX as discussed in Section 3.1: the larger the SNR, the smaller the annulus thickness and vice versa. The root mean square error (RMSE) of the distance estimation d is lower bounded by the CRB as follows:
where
is the Fourier transform of the transmitted pulse, and where the 7 SNR is given by (8) . In the following, we use (12) to express the thickness of the uncertainty annulus. This approach is effective for sufficiently large values of the SNR. It provides an accurate estimate in the scenario described in Section 5, where the worst-case SNR, namely, SNR th , is set equal to 10 dB.
Required-transmitted power and maximum pulse repetition frequency for the multistatic system
Let us consider a Cassini oval with parameter (l 1 ·l 2 ) * . The requirement on the transmitted power spectral density such that a target can be detected by the generic TX-RX pair for any position within the Cassini oval (excluding the interior of the minimum ellipse for the TX-RX pair) follows from (7) and from (9):
Hence denoting by (l 1 ·l 2 ) max , the maximum value that l 1 ·l 2 can assume in the surveillance area A for the considered TX-RX pair, the RX node is capable to detect a target in any position outside the minimum ellipse if and only if the transmitted power spectral density satisfies (13) with (l 1 ·l 2 ) * = (l 1 ·l 2 ) max . It is worthwhile observing that (l 1 ·l 2 ) max depends only on the system geometry and that it is not the same when considering different TX-RX pairs. We denote this value of S t by S tmin , and the corresponding transmitted power by P tmin = S tmin B. For a multistatic system with one TX and N RX nodes, we define
where the maximum is taken over all the receiving nodes. If P t ≥ P tmin , then each maximum Cassini oval includes the whole surveillance area so that each TX-RX pair can detect a target in any area position (excluding the interior of the corresponding minimum ellipse). Pulses are emitted by the transmitter with a pulserepetition period T f , thus PRF = 1/T f . If a pulse reflected by the target is received before the direct LOS pulse relative to the next pulse period, then the RX node is no longer capable of unambiguously distinguishing between scattered pulses and direct LOS pulses. That leads to the concept of maximum pulse repetition frequency (PRF max ).
Let us consider at first a single TX-RX pair. For a given available S t , a target can be detected for any l 1 ·l 2 ≤ (l 1 ·l 2 ) * defined in (10 If several RX nodes are present, then
Coverage and target localization uncertainty for the multistatic system
It has been pointed out in Section 3.2 that a point of the surveillance area is covered by a single TX-RX pair when it is inside the maximum Cassini oval and outside the minimum ellipse relative to this TX-RX pair. We now say that a point of the surveillance area is covered by the multistatic system, composed of one TX node and N ≥ 3 RX nodes, when it is covered by at least three TX-RX pairs. Let us suppose that the TX node and all the RX nodes are characterized by the same threshold SNR th and minimum delay γ. A target is localizable when it can be detected by at least three RX nodes located in different positions. With perfect TOA estimation, each RX node locates the target on an ellipse, such that the target position is the intersection point of these ellipses. With imperfect TOA estimation, each RX node can only locate the target within its uncertainty annulus as described in Section 3.3. Hence the system locates the target within the annuluses intersection area, that is, within an uncertainty area (see, e.g., in Figure 7 for N = 3), which is assumed in this paper as the metric for measuring the overall localization uncertainty. In general, the larger the number of RX nodes covering a certain point, the smaller the uncertainty area in that point. It is worthwhile to noticing that a related study has been carried out in [48, 49] based on the Fisher information, for the localization problem of active nodes through UWB anchors.
ANALYSIS OF A MULTISTATIC RADAR
The considerations carried out in Section 3 are here applied to a multistatic UWB radar with one transmitter and N receivers, to study the percentage of area coverage, the required transmitted power and the uncertainty in the target localization process, for different node configurations. We need at least three ellipses to locate the target. With N = 3 RX nodes, a target can be localized if and only if it is inside the three maximum Cassini ovals and outside the three minimum ellipses. Then each maximum Cassini oval must include the whole surveillance area A, that is, we must have P t ≥ P tmin defined in (14) . Conversely, with N ≥ 4, it is sufficient that the target is inside at least three maximum Cassini ovals and outside the corresponding minimum ellipses, so that the constraint P t ≥ P tmin could be relaxed. This fact is addressed in Section 5.2 for the N = 4 case. The analyzed multistatic radar system is depicted in Figure 8 for even N. One TX node and N RX nodes are distributed on a radius-r circle which is concentric with the radius-R circular surveillance area A (r ≤ R). The TX node is in the position (0, r), while the RX nodes (indexed from 1 to N as shown in Figure 8 ) are positioned symmetrically with respect to the y axis with N/2 nodes having a positive abscissa and N/2 nodes having a negative abscissa. The angle RX i -TX-RX i+1 is equal to θ, for all i = 1, . . . , N − 1, so that the condition We show next that for any N the following relationships hold for the parameters discussed in Section 3.4: so that
In fact, let us consider a single TX-RX pair as depicted in Figure 9 , where the transmitter has coordinates x T = 0 and y T = r, and where the segment with endpoints M and P is a perpendicular bisector of the segment with endpoints TX and RX. For this TX-RX pair, both l 1 ·l 2 (= l 2 1 ) and l 1 + l 2 (= 2l 1 ) are maximized when the target is in position P. It is readily shown that the point P has coordinates x P = −Rcos(α) and y P = −R sin(α), so that
Then for the considered TX-RX pair, we have (l 1 ·l 2 ) max and (l 1 + l 2 ) max equal to R 2 + r 2 + 2Rr sin(α) and 2 R 2 + r 2 + 2Rr sin(α), respectively. For given r and R, and for α ranging between 0 and π/2, both R 2 + r 2 + 2Rr sin(α) and 2 R 2 + r 2 + 2Rr sin(α) are monotonically increasing functions of α. Then among the N RX nodes, those characterized by the largest (l 1 ·l 2 ) max and (l 1 + l 2 ) max are RX 1 and RX N for both even and odd N. Since for RX 1 , we have α = ((N − 1)/2)θ for both even and odd N, we obtain in both cases (19) and (20) , which lead to (21) and (22) through (13), (14) , and (16).
NUMERICAL RESULTS
In this section, numerical results illustrating the system compromise between area coverage, necessary transmitted power, and localization uncertainty are presented for the multistatic radar system described in Section 4, assuming a 
T a 290 K Implementation loss A s 2.5 dB circular surveillance area with radius R = 50 m and typical system parameters. As usual for radar sensor networks based on impulse radio UWB, the transmission of short duration pulses with bandwidth B = 500 MHz is considered. All the system parameters are shown in Table 1 . An additional power attenuation A s has been considered in (4) and (5). The cases N = 3 and N = 4 RX nodes are investigated. The value of the PRF reported in Table 1 , PRF = 1.5 MHz, is obtained as the ratio between the the light speed c and the maximum possible value of (20) , which is equal to 4R, corresponding to r = R, θ = π/(N − 1) and the target in position (0, −R). In all the simulations, this value of the PRF has been used for any target position and nodes location. It guarantees the possibility for each TX-RX pair to unambiguously distinguish between scattered pulses and direct LOS pulses for any target position within the area and any nodes location. The localization uncertainty is evaluated through the method of the uncertainty annulus previously described, where the annulus thickness is computed with the CRB (12) .
The localization uncertainty measured as the standard deviation of the estimation error given by the CRB decreases when the SNR increases. It is then possible to reduce the localization uncertainty by acting on the processing gain N s , as evident from (8) . Analogously, the processing gain N s can be increased to reduce the minimum necessary transmitted power, while keeping the SNR constant from the discussion in Section 2. The numerical results are presented in this section for N s = 1. For N s > 1, the values in dBm of the transmitted power can be obtained by subtracting 10 log 10 N s from the corresponding values for N s = 1.
This section is organized as follows. The behavior of the area coverage, required transmitted power, and localization uncertainty as functions of the system geometry are presented for a UWB radar sensor network with N = 3 RX nodes and N = 4 RX nodes in Sections 5.1 and 5.2, respectively. In Section 5.2, it is also emphasized the beneficial effect of using a number of receivers N > 3 from the point of view of the transmitted power. Finally, in Section 5.3, the dependence of the localization uncertainty area on the uncertainty annulus thickness, that is, on the range estimation error at the RX nodes, is presented for the case N = 3. The curves presented in this subsection are independent of the channel model and on the method adopted for measuring the annuluses thickness. A discussion on the numerical results and the conclusions of the study are presented in Section 6.
Multistatic radar with three receivers
Let us consider the N = 3 case. For r = 0, all the nodes are in the same position (0, 0); for θ = 0 the three RX nodes are in the same position (0, −r); for θ = π/2 TX, RX 1 and RX 3 are in the same position (0, r). In all these cases, target localization is not possible because three different TX-RX pairs are not available.
In Figure 10 , we report the percentage of area coverage, for P t = P tmin defined in (14) (which means that all the three maximum Cassini ovals cover the whole region A), as a function of r and θ. By definition, one point of the surveillance area is covered, that is a target in that position can be located, if it is inside the three maximum Cassini ovals (this condition is always satisfied for P t = P tmin ) and it is outside the three minimum ellipses. For any given θ, the maximum coverage percentage (100%) is tightly approached when r = 0, and the minimum coverage percentage is obtained when r = R. In fact, for r = 0 each of the three minimum ellipses becomes equal to a circumference with center in the origin and radius cγ/2, whose area is negligible with respect to the surveillance area extension. This maximum must be regarded only as a mathematical limit since target localization is not possible for this configuration. For any given r, the coverage percentage as a function of θ presents two maxima at θ = 0 and θ = π/2, and a local minimum. For instance, for r = R, the minimum is around θ = 15 o . Again, the two maxima only represent mathematical limits. In general, the percentage of covered surveillance area is quite high, larger than 80% even for the least favorable pair (r, θ).
The minimum transmitted power P tmin , defined in (14) required to obtain the coverage reported in Figure 10 , is shown in Figure 11 . The minimum transmitted power is an increasing function of both r and θ. From the point of view of the transmitted power, the best configuration is that corresponding to r = 0. Analogously to the coverage case, this is only a theoretical optimum, since no localization is possible for this system configuration.
A combined analysis of Figures 10 and 11 leads us to the conclusion that, from the point of view of both the coverage and the transmitted power, the best configurations are characterized by the nodes close to each other, in that r should be kept as small as possible and, for given r, θ should be chosen as small as possible. However, as the receivers get closer, the uncertainty in the target position increases, as shown next.
Let us consider Figure 12 , where the intersection region of the uncertainty annuluses is reported as a function of θ, for P t = P tmin and r = R. For each θ, the uncertainty area is evaluated for the worst case target position. The uncertainty area increases dramatically for small values of θ. The reason is that, when the RX nodes are very close to each other, the overlapping of the uncertainty annuluses tends to become large. The uncertainty area decreases as θ increases, with a minimum for θ 40 o , where the nodes are positioned almost uniformly on the circumference. By further increasing θ, the uncertainty area increases, but slowly. This is the net result of two opposed phenomena: when θ increases, RX 1 and RX 3 get closer, which increases the corresponding annuluses intersection, but they get further from RX 2 , which decreases the corresponding annuluses intersection. The worst case uncertainty area is also plotted in Figure 13 as a function of r, for P t = P tmin and θ = π/2. It results a decreasing function of r. Then as opposed to the coverage and transmitted power, from the point of view of the localization precision, the best choice is r = R.
The uncertainty area due to the annuluses overlap for the best cases is below cm 2 : this confirms the capability of UWB to locate with precision of the order of centimeters. 
Multistatic radar with four receivers
Numerical results analogous to those presented in Section 4 have been found for N = 4 RX nodes. Also in this case, by using a transmission power P tmin (meaning that each maximum Cassini oval covers the whole area), r = 0 comes out to be the most convenient choice from the point of view of both the area coverage and the transmitted power. The percentage of area coverage obtained for P t = P tmin is slightly better than that found in the N = 3 case. For instance, for r = R the percentage of area coverage has its minimum at θ 3 o , where its value is about 91%. Again, the r = 0 configuration must be regarded only as a mathematical limit (no localization is possible), and is the worst configuration from the point of view of the localization uncertainty, which is minimized by r = R and θ 37 o . If the number of RX nodes is equal to three, a necessary condition for locating an intruder within the surveillance area is that each maximum Cassini oval covers the whole area, corresponding to the transmission of a power P t = P tmin defined in (14) . This condition is no longer necessary with a number of RX nodes larger than three. In fact, as recalled in Section 4, it is now sufficient that any point of the Enrico Paolini et al. surveillance area belongs to at least three maximum Cassini ovals and is outside the corresponding three minimum ellipses. This implies the possibility to obtain the maximum area coverage with a transmitted power P * tmin (r, θ) smaller than the power P tmin given in (14) required for covering the whole area with each of the N Cassini ovals. A comparison between P tmin and P * tmin , both expressed as a function of θ, is presented in Figure 14 for N = 4 RX nodes, N s = 1 and r = R. For some values of θ, the transmitted power can be reduced by one or two dBm.
Uncertainty annuluses thickness and localization uncertainty
As explained in Section 3.3, an imperfect TOA estimation by an RX node leads to an impossibility, for that node, to locate the target on an ellipse. The RX node can locate the target only inside an uncertainty annulus "around" that ellipse.
Being the thickness of this annulus depending on the SNR, and being the SNR not constant along the ellipse, the annulus thickness varies along the ellipse. This phenomenon has been taken into account in the simulation results presented so far, in particular in Figures 12 and 13 , where the annulus thickness has been set equal to (12) .
An important point is to analyze the degradation of the UWB multistatic radar localization capability as the RX nodes TOA estimation error (i.e., l 1 + l 2 estimation error) increases. To this aim, we introduce in this subsection the approximation of constant annulus thickness. Specifically, the uncertainty annulus thickness is considered constant along the ellipse and equal for all the RX nodes. The behavior of the uncertainty area is investigated next as a function of the system geometric parameters, for different thickness values.
In Figures 15 and 16 , the worst case uncertainty area is reported, for thickness values 1 cm, 5 cm, 10 cm, 50 cm, and 1 m, for N = 3 RX nodes and P t = P tmin . In Figure 15 , r = R is assumed and the uncertainty area is plotted as a function of the angle θ, while in Figure 16 θ = π/2 is assumed and the uncertainty area is plotted as a function of the radius r. A relevant conclusion which can be deducted by the analysis of these results is that the uncertainty area increases with the annuluses thickness with an approximately linear law. An advantage of the results reported in this subsection is to be universal, in that the presented curves, being parametric in the annulus thickness, hold independently of the channel model and of the TOA estimator. For instance, as explained in Section 1, in the presence of a static clutter perfectly removed by one of the clutter suppression algorithms mentioned in Section 2, the communication channel can be assumed as AWGN. In these conditions, the CRB provides a good estimate of the uncertainty annulus thickness. When these hypotheses cannot be fulfilled or when the SNR is not sufficiently high this is no longer true, being the CRB too optimistic. Tighter inequalities, like the Ziv-Zakai lower bound [50] , should be considered for expressing the thickness of the uncertainty annuluses: in these conditions the curves in Figures 15 and 16 remain meaningful because, for a given thickness, they provide the behavior of the uncertainty area independently of the channel model and of which inequality or technique has been chosen for evaluating the annuluses thickness.
RESULTS DISCUSSION AND CONCLUSION
The main conclusions of our study are presented and discussed next.
(1) As we have seen in Section 5.2, the power P tmin required for including the whole circular area within each maximum Cassini oval can be larger than the power strictly necessary for obtaining the optimum area coverage. On the other hand, using a power P tmin does not necessarily mean to waste transmission power. It enables having up to N RX nodes available for target localization in any point of the area A. Using P t = P tmin , a TX-RX pair is unavailable in one point only if that point is inside the corresponding minimum ellipse. This is beneficial in terms of both localization precision and system robustness. In fact, the larger the number of available uncertainty annuluses, the smaller their intersection. Moreover, if L ≥ 4 RX nodes are available for target localization in one point, in that point the target can be still localized even if at most L − 3 of such RX nodes are not working.
(2) Assuming P t = P tmin defined in (14) , the configuration corresponding to r = 0 is capable of optimizing both the area coverage and the transmitted power. This holds for any N. In fact, if the TX node and the RX nodes are in the same position, then almost complete area coverage is obtained; if this position is the center of the surveillance area (r = 0), then the transmitted power is minimized. Then from the point of view of both area coverage and transmitted power the nodes should be located close to each other around the center of the area. It is readily shown that the above result is not limited to the case of Figure 8 , where r and θ constraints are imposed to the nodes position, but is much more general. Even if the only constraint is that all the nodes must belong to the circular area, for arbitrary number N of RX nodes the power P tmin is minimized when the TX node and all the RX nodes are in the center of the area. In order to show this, it is sufficient to prove that, for a single TX-RX pair, we have 
where T, R, and P are the TX node, RX node, and target positions, respectively, and where the result is obtained for T and R being the center of the area. (4) For an anti-intruder multistatic radar system used to protect a circular area, we then formulate the following simple and provably good criterion for placing the nodes. Given a minimum tolerable localization precision, place the nodes uniformly on a radius-r circle concentric with the area border and choose r as small as possible, compatibly with the precision requirement. If the nodes must be placed on the area border, place them uniformly on it.
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